Introduction {#sec1}
============

Coal liquefaction technology enables the conversion of coal to clean liquid fuels, making fuller use of coal and less polluting to the environment. Direct coal liquefaction (DCL) is one of the processes used to convert raw coal into a liquid product. It refers to the conversion of coal to liquid hydrocarbons using a catalyst at the appropriate temperature and hydrogen pressure.^[@ref1],[@ref2]^ Among the chemical compositions of coal and oil, the H/C difference is greatest, with coal having ca. 0.4--1.1 and oil ca. 1.5--2.0.^[@ref3],[@ref4]^ The catalyst plays an important role in the direct hydrogenation reaction of coal. Excellent catalysts are not only effective in improving the yield and quality of liquid products but also significantly reduce the harsh conditions of the reaction.^[@ref5]−[@ref9]^ Therefore, researchers have conducted extensive screening and research to develop efficient DCL catalysts. Iron-based catalysts, which are usually used in many fields,^[@ref10]−[@ref15]^ have attracted increasing attention because of their low cost and good activity.

The structural design of the catalyst is an important way to improve its catalytic performance. A large number of studies have found that reducing the particle size of the catalyst and increasing its dispersion in the liquefaction system can promote the catalytic liquefaction of coal.^[@ref16]−[@ref19]^ In particular, the supported catalyst is a high-performance catalyst that not only reduces the particle size of the active component but also improves its dispersion.^[@ref20]−[@ref25]^ A variety of materials can be used as supports to prepare catalysts for DCL. In 1997, Kinya Sakanishi obtained a supportive iron-based catalyst using Ketjen black (KB) carbon as a support.^[@ref26]^ This carrier with a large surface area provides high dispersion of the active catalytic ingredient. Trautmann and Traa used inexpensive nanostructured SiO~2~ (fumed silica) as a novel thermostable support with a high specific surface area to maximize the possible contact area of the catalyst with coal in DCL.^[@ref27]^ In a study by Lei and Shui, a series of Ni-W/SBA-15 catalysts with different pore sizes were prepared and used for the hydrotreatment of heavy oil from coal. The catalytic activity test revealed that Ni-W/SBA-15 catalysts with a pore size of 15.7 nm had the best catalytic activity.^[@ref28]^ Notably, coal for liquefaction can also be used as a support for the preparation of support catalysts.^[@ref22]^ The loading of smaller active ingredients in the pulverized coal further promotes its compatibility with the coal liquefaction system and improves the catalytic effect. The impregnation method is the most common method for the preparation of pulverized coal carrier catalysts. Nanocatalysts with smaller particle sizes can be prepared by impregnating the active component in a solution of coal. Adequate contact between coal scaffolds and nanoparticles is useful for coal-catalyzed hydrogenation to oil.^[@ref29],[@ref30]^ However, in this process, a large amount of water is required to prepare the raw solution of the catalyst. After impregnation, the coal supported by the catalyst needs to be dried. This not only consumes water resources but also makes the catalyst preparation process cumbersome. At the same time, our group found it convenient to obtain coal-loaded catalysts by the room-temperature solid-state method.^[@ref31]^ The development of a relatively simple green method for the preparation of supported catalysts is necessary for practical applications.

There is no doubt that load-based catalysts exhibit enhanced catalytic effects in DCL. However, the laws of carrier properties influencing catalyst performance are not completely clear. An in-depth study of the nature of the carrier coal and the interaction of the active components with the carrier coal is necessary to further improve the catalytic effect of the catalyst. In this work, the coal was acid-treated to obtain carrier coals with different surface properties. Composite catalysts were prepared by loading Fe~3~O~4~ nanoparticles onto a series of carrier coals by a solid-state reaction at room temperature. The dependence of the nature of the carrier coal on the structure and catalytic performance of the load-based catalyst was investigated.

Results and Discussion {#sec2}
======================

The X-ray diffraction (XRD) patterns of prepared samples are presented in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a and b. The signals located at 24 and 43° for the raw coal correspond to the (002) and (101) planes, typical of carbonaceous materials.^[@ref32]^ The difference between the Coal-HCl sample and the raw coal without HCl treatment in the XRD spectra is that the coal has characteristic peaks at ca. 31° except for the characteristic diffraction peaks of carbon, indicating that most of the ash contained in the raw coal can be effectively removed after HCl treatment. What's more, besides the (002) and (101) planes of amorphous carbon, the XRD patterns of Fe~3~O~4~/Coal and Fe~3~O~4~/Coal-HCl display characteristic diffraction peaks of Fe~3~O~4~ (JCPDS No. 19-0629), which indicates the formation of Fe~3~O~4~ nanoparticles supported on the carriers. The structure and morphology of Fe~3~O~4~ were investigated by XRD and scanning electron microscope (SEM). In [Figure S1a](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01836/suppl_file/ao0c01836_si_001.pdf), all peaks of the XRD pattern are indexed to Fe~3~O~4~ with the cubic structure (JCPDS No. 19-0629). [Figure S1b,c](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01836/suppl_file/ao0c01836_si_001.pdf) displays the representative SEM images of the obtained Fe~3~O~4~. Many spherical particles with a size of 20--100 nm can be observed. As shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c, the structural information of the three samples was further characterized by Fourier transform infrared (FTIR) spectroscopy. The bands at 815 and 1015 cm^--1^ are attributed to C--H and the band at 1220 cm^--1^ is assigned to C=O. The bands at 1439 and 1598 cm^--1^ correspond to C=C and the bands at 2850--2920 cm^--1^ are ascribed to the stretching vibration of −CH~2.~^[@ref33]^ These results demonstrate the presence of oxygen-containing functional groups on the surface of coal. These groups will likely affect the loading and aggregation morphology of iron-based active components on the coal and then affect the catalytic performance of the composite catalyst. The stronger absorption peaks at 3420 cm^--1^ for the Fe~3~O~4~/Coal-HCl sample compared with other samples are due to the chemisorbed water and/or hydroxyl groups contributed by Fe~3~O~4~ nanoparticles. Furthermore, the bands at 560--570 cm^--1^ are presented, which can be associated with the Fe--O vibration. This result further implies that Fe~3~O~4~ nanoparticles are supported on the carrier coal through the solid-state reaction.

![(a, b) XRD patterns and (c) FTIR spectra of the samples.](ao0c01836_0001){#fig1}

The morphologies of the catalysts and the carrier coals were investigated. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a shows the SEM image of the Dahuangshan coal; it can be seen that the surface of the raw coal is smooth and has no obvious particles, which gather together to form a large irregular shape. After being treated with acid ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b), the coal particles not only became smaller but also showed voids and surface folds on the surface, which can be attributed to the removal of impurities, such as ash, from the raw coal by HCl during pretreatment. The morphologies of the Fe~3~O~4~/Coal and Fe~3~O~4~/Coal-HCl samples were also acquired, as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c,d, displaying the smaller nanoparticles on the coal surface. The catalyst nanoparticles of Fe~3~O~4~/Coal-HCl are more uniformly dispersed compared with that of Fe~3~O~4~/Coal, which may be caused by the gullies on the surface of the modified carrier coal. As shown in [Figure S2a](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01836/suppl_file/ao0c01836_si_001.pdf), field-dependent magnetization measurement on Fe~3~O~4~/Coal-HCl was conducted to study their magnetic behavior. The saturation magnetization of Fe~3~O~4~/Coal-HCl is 11 emu g^--1^. The magnetic property of the catalyst is weak, and it cannot be attracted by magnets.

![SEM images of (a) coal, (b) Coal-HCl, (c) Fe~3~O~4~/Coal, and (d) Fe~3~O~4~/Coal-HCl.](ao0c01836_0002){#fig2}

[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} exhibits the transmission electron microscopy (TEM) images and element mapping to determine the distribution of Fe~3~O~4~ nanoparticles on the surface of the composites. It can be observed that the coal treated with acid reduces the size of the Fe~3~O~4~ nanoparticles and improves the dispersity of catalytic active components. This property of the carrier coal treated with acid could guarantee that the Fe~3~O~4~ nanoparticles are easily in full contact with coal in the DCL process, which is crucial for the catalytic hydrogenation of coal.

![(a) TEM image and (b, c) mapping for the Fe element of Fe~3~O~4~/Coal; (d) TEM image and (e, f) mapping for the Fe element of Fe~3~O~4~/Coal-HCl.](ao0c01836_0003){#fig3}

In [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}, a simple solid-state method is applied to the preparation of composite catalysts at room temperature. The advantages of the method are the convenient operation and less pollution.^[@ref34]^ During catalyst synthesis, the more folds of the carrier coal, the more catalyst nanoparticles can be supported. The acid-soluble minerals in coal will be removed. Precisely for the above reasons, compared to the coal without pretreatment by HCl, Fe~3~O~4~ nanoparticles can be more uniformly supported onto the surface of Coal-HCl. To further prove the viewpoint, the nitrogen adsorption/desorption isothermal analysis was carried out. As shown in [Figure S2b](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01836/suppl_file/ao0c01836_si_001.pdf), both isotherms of Fe~3~O~4~/Coal and Fe~3~O~4~/Coal-HCl displayed the typical type I/II curves, implying the existence of micro/mesoporous structures. The pore size distribution curves were displayed in [Figure S2c](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01836/suppl_file/ao0c01836_si_001.pdf). It can be found that the specific surface areas of Fe~3~O~4~/Coal-HCl and Fe~3~O~4~/Coal are 29.6 and 113.4 m^2^ g^--1^, respectively. The pore volumes of Fe~3~O~4~/Coal-HCl and Fe~3~O~4~/Coal are 0.030 and 0.125 cm^3^ g^--1^, respectively. The smaller specific surface area and pore volume of Fe~3~O~4~/Coal-HCl may be attributed to homodispersion of Fe~3~O~4~ nanoparticles on the modified coal, in which the pores on the carrier coal were covered by the plenty of tiny Fe~3~O~4~ nanoparticles. Although the specific surface area of Fe~3~O~4~/Coal-HCl is smaller than that of Fe~3~O~4~/Coal, the smaller particle size of the iron-based active components benefits the catalytic performance of Fe~3~O~4~/Coal-HCl in DCL.

![Schematic diagram of the catalyst preparation process.](ao0c01836_0004){#fig4}

The surface chemical components of the carrier coals were characterized by X-ray photoelectron spectroscopy (XPS). [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a--d shows that the coal and Coal-HCl have the O/C ratio of 0.14 and oxygen content of 18 atom %, which is close to the proximate and ultimate analysis of the Dahuangshan coal, as shown in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}. The contents of the C and O elements were not affected by treatment with HCl. In addition, the C 1s and O 1s spectra of the carrier coals are presented in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b,c and e,f. The high resolution of C 1s spectra could be fitted into three individual peaks, corresponding to the C=C, C--C, and C--O/C--N binding, respectively. The content of C--C increases from 19.6 atom % of coal to 30.9 atom % of Coal-HCl, and the content of C--O/C--N increases from 9.3 atom % of coal to 13.0 atom % of Coal-HCl. From the O 1s spectra of the carrier coals, we can see that the O 1s spectra could be fitted into two individual peaks, corresponding to the −OH and C--O--C binding, respectively. The content of C--O--C is slightly higher than that of −OH in coal, but the opposite in Coal-HCl. It demonstrates that the internal C atomic connections are changed after the pretreatment of the raw coal with HCl, which implies that catalytic components are easily supported by Coal-HCl. Moreover, [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01836/suppl_file/ao0c01836_si_001.pdf) shows the XPS results of Fe~3~O~4~/Coal and Fe~3~O~4~/Coal-HCl. Obvious Fe2p peaks can be observed from the XPS survey of Fe~3~O~4~/Coal and Fe~3~O~4~/Coal-HCl ([Figure S3a,c](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01836/suppl_file/ao0c01836_si_001.pdf)), demonstrating the ferreous components on the surface of the carrier coals. It can be seen from the Fe2p spectra of Fe~3~O~4~/Coal and Fe~3~O~4~/Coal-HCl that Fe^2+^ and Fe^3+^ exist simultaneously in the supported catalysts.

![(a) XPS survey, (b) C 1s spectra, and (c) O 1s spectra of coal; (d) XPS survey, (e) C 1s spectra, and (f) O 1s spectra of Coal-HCl.](ao0c01836_0005){#fig5}

The catalytic activities of the samples toward DCL were investigated. [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} shows the conversion (84.86 wt %), oil yield (45.30 wt %), and gas yield (14.86 wt %) for raw coal in the absence of catalysts. When Fe~3~O~4~ was used in the reaction system, the conversion, oil yield, and gas yield of coal reach 92.88, 45.30, and 15.68 wt %, respectively. The Fe~3~O~4~/Coal sample exhibits better catalytic activity compared with the individual Fe~3~O~4~ catalyst. The conversion, oil yield, and gas yield of coal with Fe~3~O~4~/Coal composites reach 96.12, 40.88, and 20.96 wt %, respectively. The conversion and gas yield are increased. This result indicates that the incorporation of coal promotes the catalytic activity of Fe~3~O~4~ nanoparticles for the direct liquefaction of the Dahuangshan coal. More importantly, the catalytic performance is further enhanced for the Fe~3~O~4~/Coal-HCl composites. The conversion, oil yield, and gas yield reach 98.02, 49.96, and 20.15 wt %, respectively. It is important to note that gas yield was promoted when the carrier coals were involved. It is obvious that Fe~3~O~4~/Coal-HCl exhibited high catalytic activity toward DCL. The transformation from asphaltene and preasphaltene to oil was promoted, which indicates the enhanced selectivity of Fe~3~O~4~/Coal-HCl for oil components. After the modification of the coal with HCl, the gaps and surface folds are presented on the surface of coal. The incorporation of Coal-HCl improves the dispersion of Fe~3~O~4~ nanoparticles and decreases their particle size in the composite catalyst, which is of great benefit to full contact between coal and active components during DCL.

![Results of the direct liquefaction of the Dahuangshan coal with catalysts.](ao0c01836_0006){#fig6}

The obtained results were compared with the works reported in the literature to date ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). The catalytic performance of the obtained Fe~3~O~4~/Coal-HCl catalyst is much better than most of the reported catalysts. Although the DCL process can still be carried out without a catalyst, the oil yield is increased by the action of the Fe~3~O~4~ nanoparticles supported on the modified coal. It is of importance for the transformation of coal to oil.

###### Results of Direct Coal Liquefaction Compared with Previous Literature

  sample                        conversion (%)   oil yield (%)         gas yield (%)   refs
  ----------------------------- ---------------- --------------------- --------------- ------------
  Fe~3~O~4~/coal-HCl            98\. 02          49.96                 20.15           this work
  oleic acid-coated Fe~3~O~4~   97.20            86.50                                 ([@ref22])
  Fe~3~O~4~                     89.60            65.10                                 ([@ref21])
  Fe~3~O~4~ nanoparticles       96.60            60.4                  19.4            ([@ref20])
  Co/SiO~2~                     97.00            50.00                                 ([@ref18])
  FeS~2~                        79.00            47.00                 32.00           ([@ref18])
  Fe/SiO~2~                     87.00            44.00                 43.00           ([@ref18])
  Fe/KB                                          58.30                                 ([@ref7])
  Fe~2~(MoS~4~)~3~              78.20            70.50 (oil and gas)                   ([@ref26])

It should be noted that the reusability of the supported catalysts is not investigated in this work. Iron-based catalysts are usually used as disposable catalysts in DCL. The supported coal for the preparation of Fe~3~O~4~/Coal and Fe~3~O~4~/Coal-HCl may have been liquefied. After DCL, the residue containing the used catalyst was characterized by XRD and SEM. As shown in [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01836/suppl_file/ao0c01836_si_001.pdf), Fe~1--*x*~S (JCPDS No. 22-1120) can be seen from the XRD pattern of the DCL residue, which indicates that Fe~3~O~4~ has reacted with S as a cocatalyst during DCL. SEM images show that large bulks are sticking together. The used catalysts, ashes, unconverted coal, and heavy asphalt are all in the DCL residue.

Conclusions {#sec3}
===========

In summary, the Fe~3~O~4~ nanoparticles supported on the acid-modified coal were fabricated by a facile and green method under ambient conditions. During pretreatment, impurities were removed from the raw coal by HCl. The surface structure and functional groups of carrier coals are changed, which affects the aggregation morphology of the Fe~3~O~4~ active components. Coal-HCl showed promising potential when it was used as a catalyst support in the DCL. The obtained Fe~3~O~4~/Coal-HCl exhibited better catalytic performance in the direct liquefaction of Dahuangshan coals. The conversion, oil yield, and gas yield are 98.02, 49.96, and 20.15 wt %, respectively. The relationship among the properties of carrier coals, structures, and performances of composite catalysts in DCL has been revealed, which is helpful for the exploitation of supported catalysts with high performance toward catalytic hydrogenation of coal to oil.

Experimental Methods {#sec4}
====================

Starting Materials {#sec4.1}
------------------

All chemicals were used as received, without further purification. Ferric(III) chloride hexahydrate (FeCl~3~·6H~2~O, 98.0%), ferrous(II) chloride tetrahydrate (FeCl~2~·4H~2~O, 99.7%), hydrochloric acid (HCl, 36.5%), and sodium hydroxide (NaOH, 96.0%) were purchased from Zhiyuan Chemical Reagents Co., Ltd. (Tianjin, China). The raw coal in this study was obtained from the Dahuangshan mine in the Xinjiang Autonomous Region of China. Their results of proximate analysis and ultimate analysis are given in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}. The coal used in DCL was ground to fine particles with about 200 meshes.

###### Proximate and Ultimate Analysis of the Dahuangshan Coal

   proximate analysis[a](#t2fn1){ref-type="table-fn"} (wt %)   ultimate analysis (wt %, daf[b](#t2fn2){ref-type="table-fn"})                                                              
  ----------------------------------------------------------- --------------------------------------------------------------- ------- ------- ------- ------ ------- ------ ------ ------ ------
                             1.22                                                          17.57                               48.34   42.58   63.17   3.63   14.30   1.11   0.20   0.69   0.18

*M*~ad~, the moisture content of air-dried coal; *A*~d~, the ash content of air-dried coal; *V*~daf~, the volatile content of dry and ash-free coal; FC~d~, the fixed carbon of air-dried coal.

daf, dry ash-free coal.

Obtained by difference.

Synthesis of Catalysts {#sec4.2}
----------------------

### Pretreatment of the Carrier Coal with HCl {#sec4.2.1}

1 g of the Dahuangshan coal powder was mixed with 15 mL of 1 mol L^--1^ HCl solution and stirred for 3 h in an oil bath agitator at 70 °C. The product was washed to neutral with deionized water and dried at 60 °C for 3 h. The obtained solid was denoted as Coal-HCl. The "Coal" represents the carrier coal, and the "Coal-HCl" represents the carrier coal pretreated with hydrochloric acid.

### Preparation of Fe~3~O~4~/Coal-HCl {#sec4.2.2}

Catalytic nanoparticles were prepared through a solid-state chemical reaction. Coal-HCl (1.65 g), FeCl~3~·6H~2~O (2.7 g, 10 mmol), and FeCl~2~·4H~2~O (1.0 g, 5 mmol) were mixed (Fe element is 30 wt % of the mixture) by grinding in an agate mortar at room temperature. Subsequently, NaOH (1.6 g, 40 mmol) was added into the mixture. After grinding for about 30 min, the color of the mixture turned to black. The resulting solid product was washed with distilled water and absolute ethanol several times and then dried at 60 °C for 3 h.

As a comparison, Fe~3~O~4~/Coal was also obtained with the raw coal as a support by the similar solid-state synthesis.

Characterization {#sec4.3}
----------------

The crystal structure of the obtained samples was characterized by XRD (Bruker, D8) with Cu Kα radiation. SEM was executed on Hitachi S-4800 with an accelerating voltage of 15 kV. The morphology and element mapping of the samples were characterized by TEM (Thermo Fisher Scientific, Talos F200X). In addition, FTIR (Bruker, VERTEX70) and XPS (Thermo Fisher Scientific, ESCALAB 250Xi) were also implemented to investigate the structure of the samples.

Reaction of DCL {#sec4.4}
---------------

Liquefaction reactions were conducted in a 0.1 L batch-stirred autoclave. The process of DCL catalyzed by Fe~3~O~4~/Coal-HCl and the separation procedure of products were similar to the previous studies.^[@ref35]−[@ref37]^ In a typical experiment, 10.0 g of the Dahuangshan coal, 20.0 g of tetralin as a solvent, 0.379 g of Fe~3~O~4~/Coal-HCl (Fe is 1.4 wt % of dry and ash-free (daf) coal) as a catalyst, and 0.118 g of sulfur (S/Fe mole ratio is 1.8) as a cocatalyst were mixed and charged into the reactor. Then, the autoclave was pressurized with H~2~ (99.99%) to 6 MPa at room temperature and heated to 430 °C. The mixture was stirred with 300 rpm for 60 min at that temperature. After the autoclave was rapidly cooled by blowing to room temperature, the resulting product was extracted in sequence with *n*-hexane, toluene, and tetrahydrofuran (THF) in a Soxhlet extractor. The *n*-hexane-soluble (H), *n*-hexane-insoluble but THF-soluble, and THF-insoluble substances were defined as oil, asphaltene and preasphaltene (AS), and residue, respectively. The conversion, oil yield, AS yield, and gas yield of coal were determined using the following equations:where *W*~daf~ is the weight of the dry and ash-free coal, *W*~r~ is the weight of the residue, *W*~ash~ is the weight of the ash, *W*~c~ is the total weight of the catalyst and sulfur, *W*~H~ is the weight of the *n*-hexane-soluble substances, *W*~s~ is the weight of the solvent, and *W*~AS~ is the weight of the AS.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c01836](https://pubs.acs.org/doi/10.1021/acsomega.0c01836?goto=supporting-info).XRD patterns, SEM images of Fe~3~O~4~ nanoparticles; VSM patterns of Fe~3~O~4~/Coal-HCl; N~2~ adsorption-desorption isotherms and pore size distributions of Fe~3~O~4~/Coal and Fe~3~O~4~/Coal-HCl; XPS survey, and the Fe2p spectra of Fe~3~O~4~/Coal and Fe~3~O~4~/Coal-HCl; XRD patterns; and SEM images of direct coal liquefaction residue contained the used catalyst ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01836/suppl_file/ao0c01836_si_001.pdf)).
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